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The  experimental  study  in  this  paper  focuses  on  the  effects  of the  layer  orientation  and  sample  shape  on
failure  strength  and  fracture  pattern  of samples  tested  under  Brazilian  test  conditions  (i.e. diametrical
loading  of  cylindrical  discs)  for one  particular  layered  sandstone  which  is from Modave  in the  south  of
Belgium.  The  variations  of  the  strength  in  combination  with  the  failure  patterns  are  examined  as a  function
of  the inclination  angle  between  the  layer  plane  and  the  loading  direction.  The  experimental,  results  clearly
show  that  the  induced  fracture  patterns  are  a combination  of  tensile  and/or  shear  fractures.  In  shape  effect
experiments  the  layer  thickness  and the  number  of  layer  boundaries  are  investigated.  Different  blocksracture pattern
ayer activation
hape effect
of  Modave  sandstone  are  used  to  prepare  samples.  The  layer  thickness  is different  among  the various
blocks,  but  the  layer  thickness  in  each  studied  rock  block  can  be considered  to  be constant;  hence,  the
number  of layer  boundaries  changes  according  to  the  sample  diameter  for samples  of the  same  block.  The
experimental  study  shows  that  the  layer  thickness  plays  a more  important  role than  the  number  of  layer
boundaries  per sample.
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. Introduction
The knowledge of the anisotropic properties of rock material
s required in the ﬁelds of civil, mining, geoenvironmental and
etroleum engineering, as in general, rock material near the earth’s
urface is anisotropic. Material properties of anisotropic rock are
irectionally dependent, as opposed to isotropic rock that implies
dentical properties in all directions. An additional characteristic of
ock material is the large spatial variation of its properties, even at
mall distance, which makes a rock mechanical study even more
ifﬁcult. More and more this anisotropy is taken into account when
esting the rock material, as input for design and for numerical
odelling. The engineering applications without considering the
ock anisotropic behaviour produce errors of different magnitudes,
epending on the extent of rock anisotropy (Amadei, 1996; Cho
t al., 2012).∗ Corresponding author. Tel.: +32 16321171.
E-mail address: abtavallali@yahoo.com (A. Tavallali).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
674-7755 © 2013 Institute of Rock and Soil Mechanics, Chinese Academy of
ciences. Production and hosting by Elsevier B.V. All rights reserved.
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Experimental methods are the most important and reliable way
o study rock properties and rock failure mechanisms. The failure
echanism of rock materials due to their mineralogical texture is
omplex and it is more problematic for anisotropic rock.
In rock mechanics, the uniaxial (unconﬁned) compressive
trength (UCS) test and Brazilian tensile strength (BTS) test are
he most widely used methods to obtain rock strength properties.
hange in rock strength properties (e.g. UCS and BTS) with sample
ize is referred to as scale effect. In this context, the so-called scale
ffect is divided into two categories: size effect and shape effect
Thuro et al., 2001; Pan et al., 2009). The size effect can be stud-
ed by comparing the rock strength values from specimens with
he same shape but different sizes (the same length/diameter ratio
ut with different diameters). The shape effect can be studied by
omparing the rock strength values from specimens with the same
iameter (or length) but a variation in length/diameter ratio (see
urther, Thuro et al., 2001; Pan et al., 2009).
In this study, the focus is on stratiﬁed rock material as one spe-
iﬁc form of anisotropy that is often present in geological material.
ransverse isotropy (as a form of anisotropy) is a characteristic
f intact foliated metamorphic rocks (slates, gneisses, phyllites,
chists) and intact laminated, stratiﬁed or bedded sedimentary
ocks (shales, sandstones, siltstones, limestones, coal, etc.) (Chen
t al., 1998).
The tests are conducted on hard and brittle stratiﬁed sand-
tone (psammite) and the Brazilian method (diametrical loading of
ylindrical discs) is applied. The stratiﬁed (layered or banded) rock
aterial is sometimes called transversely isotropic rock material
Ye et al., 2009), i.e. rocks with one dominant direction of planar
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for P-wave velocity measurements. P-wave velocity is measured
parallel to layer direction and in the direction perpendicular to
the layers. In different conﬁgurations, slight differences of wave
velocity are recorded. However, the minimum and the maximum
Table 1
Physical properties of the three sub-types of layered Modave sandstone.
Sub-type Dry density (g/cm3) Porosity (%) P-wave velocity (km/s)A. Tavallali, A. Vervoort / Journal of Rock Mecha
nisotropy. The effects of the layer orientation and sample shape
re investigated in detail for 123 samples from three blocks taken
rom the same quarry.
The experimental research in this paper focuses on the effect of
he layer orientation on both the failure strength and the failure
attern of this layered sandstone under Brazilian test conditions.
he research shows clearly that the induced fracture patterns are
 combination of tensile and/or shear fractures. Or in other words,
he failure in transversally isotropic rock material is not necessar-
ly a pure tensile failure; even in some cases it can be pure shear
ailure, but often it is a combination of tensile and shear failure
Debecker and Vervoort, 2009; Cho et al., 2012; Vervoort et al.,
012). Hence, one should rather talk about failure strength or peak
oad than about tensile strength. The effect of the layer orientation
s investigated in detail for 89 samples from three blocks taken from
he same quarry. This investigation concentrates on the strength
nd fracture pattern of the tested samples.
In Section 4, the effect of sample shape on the failure behaviour
f (disc-shaped) samples after conducting a Brazilian test is inves-
igated for the same material. In shape effect experiments, the
ayer thickness (the distance between the layer boundaries) and the
umber of layer boundaries are taken into account. Similar to Sec-
ion 3, shape effect on the strength and fracture pattern of the tested
amples is investigated. It should be noted that in the literature one
ostly focuses on the sample strength (Rocco et al., 1999; Thuro
t al., 2001; Yoshinaka et al., 2008; Pan et al., 2009). Recently, effort
as been made to shed light on correlation of strength and frac-
ure pattern (Debecker and Vervoort, 2009; Tavallali and Vervoort,
010a,b).
Three blocks of layered sandstone are taken from a quarry in
odave in the south of Belgium. These blocks are taken at very
hort distance (from 1 m to 10 m)  from each other. Visual inspec-
ion (hand samples) would normally lead to the conclusion that
hey are all similar material. This sandstone is also known as “Psam-
ite of Condroz” (Poty and Chevalier, 2004). This sandstone is
haracterised by numerous thin and parallel layers. The plane of
nisotropy (transverse isotropy) is assumed to be parallel to the
pparent direction of rock layer.
The sandstone studied is stratiﬁed and massive, and belongs to
he Famennian stage. The Famennian stage is one of the two stages
n the Late Devonian epoch. It lasted from 374.5 ± 2.6 million years
o 359.2 ± 2.5 million years ago (Gradstein et al., 2004). The name of
amennian stage originated in the 19th century from the Famenne
egion in the southern part of Belgium.
The number of layer boundaries on hand samples from each
lock is counted. The number of layer boundaries over 1 cm of
hree blocks is not the same; therefore, the three blocks are fur-
her called the three sandstone sub-types a, b and c. The number
f layer boundaries over 1 cm is 5.4, 2.6 and 1.4 for the three sub-
ypes. Graded bedding of shallow-water environments is generally
omposed of thin layers from a few millimetres to 1 cm or 2 cm,  and
eldom makes sequences more than 10 cm or 20 cm thick (Reineck
nd Singh, 1986). It can be concluded that all the blocks are from
hallow-water environments as their layer thicknesses are 1.8 mm,
.5 mm and 6.4 mm  for sandstone sub-types a, b and c, respectively.
In sub-type c, ripples are observed (Tavallali and Vervoort,
008). It should be noted that ripples are not considered as the
ayer boundary. The reason is that ripples are not in the main direc-
ion of sedimentation and that they are dispersed between layer
oundaries.
The rock is cored in the laboratory by using a 50 mm diameter
rill bit for layer orientation effect. For shape effect investigation,
rill bits with different diameters from 30 mm to 115 mm are used.
he direction of coring is parallel to the layers. For all samples a
onstant thickness of 25 mm is taken. All tests are carried out byig. 1. Disc-shaped sample and conﬁguration of layers in Brazilian tests.  varies
etween 0◦ and 90◦ . Set of inclined parallel lines symbolises average layer direction
bedding).
sing a loading machine with a loading capacity of 100 kN, at a
onstant displacement rate of 1 mm/min. The disc-shaped samples
re positioned as in Fig. 1 and compressed vertically till failure.
The indirect tensile strength, t, perpendicular to the loaded
iameter, based on linear elastic calculations for homogeneous and
sotropic rock can be written as
t = 2FDt (1)
here F is the applied load when the sample fails; and D and t are
he diameter and thickness of the disc-shaped sample. Of course
his formula is considered for the loaded diameter in the condition
f a typical vertical splitting or extension type of fracture occurring,
hich is often not the case for transversally isotropic rock material
see further, Figs. 4 and 7). However, it is even not straightforward
o judge that the failure through an inclined fracture or through a
ayer boundary is in tension or shear (Vervoort et al., 2012). There-
ore, this formula is used just for comparison purposes and the
esults from Eq. (1) do not necessarily present the tensile strength
f the samples (further explanations are presented in Section 3).
. Material properties
.1. Physical properties
The dry density and effective porosity of the Modave sandstone
locks are determined by saturation and buoyancy techniques. For
ach block (sub-type) of sandstone, ﬁve samples are prepared (see
able 1). The variation in dry density is relatively small, i.e. from
.57 g/cm3 for sub-type b to 2.63 g/cm3 for sub-type a. The variation
n the effective porosity is from 2.0% for sub-type a to 3.2% for sub-
ype b.
Also two  disc-shaped samples from each sub-type are preparedPerpendicular Parallel
a 2.62–2.63 2.0–3.0 4.5–4.7 4.9–5.0
b  2.57–2.58 2.8–3.2 4.3–4.4 4.5–4.6
c  2.58–2.61 2.1–3.0 4.5–4.6 5.0
3 nics an
w
t
w
t
4
t
2
3
a
p
s
m
v
s
m
t
m
s
m
e
m
p
g
s
t
1
c
t
r
D
8
t
m
t
o
F
c
m
g
a
i
c
S
c
m
c
g
t
a
m
s
s
s
m
h
d
q
a
s
a
b
3
g
(
t
e
c
l
v
s68 A. Tavallali, A. Vervoort / Journal of Rock Mecha
ave velocities are always measured perpendicular and parallel to
he layers, respectively (see Table 1). The minimum difference of
ave velocities is measured in samples of sub-type b. In this sub-
ype, wave velocity perpendicular to the layers is from 4.3 km/s to
.4 km/s while in direction parallel to the layers it is from 4.5 km/s
o 4.6 km/s.
.2. Petrographical study of untested samples
For petrographical purpose, thin sections with a thickness of
0 m from an untested sandstone sample from each sub-type
re prepared and analysed. Thin section observation is done by
etrographical microscope with transmitted polarised light. In all
amples, quartz, carbonate and mica are observed. Pores, organic
aterial, clay minerals and feldspar are also observed, although in
ery small quantities. Clays are found usually mixed with micro-
copic crystals of carbonates, feldspars, micas and quartz. These
inerals are very common in ﬁne grain sedimentary rocks such as
he studied sandstone. Determining precisely the clay mineral by
eans of X-ray analysis and some spectroscopic methods is pos-
ible. By referring to some studies, it is understood that the clay
inerals in the studied sandstone are dominated by illite (Thorez
t al., 1988; Han et al., 2000).
To quantify the relative amount of minerals, the point-counting
ethod is applied (Chayes, 1956; Prˇikryl, 2001). The thin section is
ut in the point-counting apparatus which is attached to the petro-
raphical microscope. Above-mentioned apparatus moves the thin
ection with a given interval. After each movement, the mineral in
he centre of the microscopic view is observed. For example, if in
00 steps of movement 75 times a quartz grain is observed in the
entre of microscopic view, it is concluded that quartz content in
hat rock material is 75%.
In this study, 500 points in each thin section are counted in a
egular pattern with a ﬁxed interval of 400 m between the points.
irection of counting is perpendicular to the layers. The distance of
00 m is taken between the lines of point-counting. Fig. 2 presents
he percentage of different minerals in each sub-type.In the three Modave sandstone sub-types, the main constitutive
ineral is quartz (from 72% to 88%). The shape and roundness of
he quartz grains are the same in all the sub-types. For roundness
f sand grains, Powers (1953) and Shepard (1963) distinguished six
ig. 2. Observed mineral percentage in different sandstone sub-types by 500
ounted points. Category ‘Others’ corresponds to pores, organic material and clay
inerals.
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roups (Reineck and Singh, 1986). The grains of the three sub-types
re in the class of subangular.
For quartz grain size measurements, the point-counting method
s applied too. Three hundred points in each thin section are
ounted in a similar pattern to the composition quantiﬁcation.
imilar to sieving analysis the smallest dimension of the grain is
onsidered as the grain size. The average (and minimum, maxi-
um)  values (in m) of the quartz grains size in sub-types a, b and
 are 69 (22, 141), 107 (42, 218), and 82 (29, 146), respectively. The
rain size calculation is done by arithmetic method. By considering
he British Standards (Craig, 1990), the grains of studied sub-types
re in the size range of ﬁne sand. The measurements are in agree-
ent with the study of Thorez et al. (2006) of the sandstone in the
ame area. They have mentioned that the sandstone of Famennian
tage in the south of Belgium is ﬁne grained with the average grain
ize of 45–120 m.
The nature of minerals suggests that the presence of strong ele-
ents such as quartz increases the rock strength and, on the other
and, the abundance of weak minerals such as mica and carbonate
ecreases the rock strength. It is widely accepted that for higher
uartz content, rock strength increases. Contrary to quartz, the
bundance of easily cleavable minerals would result in lowering the
trength values (Tavallali, 2010). It should be noted that sub-type
 has the highest weak minerals percentage (23.5%) and sub-type
 has the lowest weak minerals percentage (7.9%).
. Brazilian test results
The rock layers are inclined at different angles (see Fig. 1) ran-
ing between 0◦ (perpendicular to the loading direction) and 90◦
parallel to the loading direction). It should be highlighted that
he orientation of the layers with respect to loading direction is
valuated. As the loading direction in this study is always vertical,
hanging the layer orientation implies that the angle between the
ayer direction and the loading direction changes. Seven different
alues are considered: 0◦, 20◦, 45◦, 60◦, 70◦, 80◦ and 90◦. Since one
ample is not necessarily representative for the failure behaviour
orresponding to a speciﬁc inclination angle, four to six samples
re tested per inclination angle value per sub-type. The number
f tested samples for the sub-types a, b and c is 29, 30 and 30,
espectively (89 samples in total).
The variation in the average failure strength with the inclination
ngle  for the sub-types is presented in Fig. 3. All the curves show a
ig. 3. Variation in average failure strength as a function of the inclination angle 
or  sandstone sub-types a, b and c.
A. Tavallali, A. Vervoort / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 366–377 369
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fig. 4. Schematic representation of different fracture types in Brazilian test. (1)
ayer activation, (2) central fracture, and (3) non-central fracture.
mall downwards trend. The largest average failure strength corre-
ponds mostly to the samples of sub-type b which varies between
5.1 MPa  and 11.3 MPa, while the lowest corresponds mostly to the
amples of sub-type a which varies between 14.2 MPa  and 5.3 MPa.
However, it is important to note that when  = 0◦ the average
ailure strength corresponds to the tensile strength of the “intact”
aterial. For  = 90◦, the average failure strength should rather cor-
espond to the tensile strength of the “layers”. For other angles, one
an probably not talk about a pure tensile or extension type of fail-
re, and hence about a tensile strength. One should rather consider
t as failure strength.
Similar to the idea introduced by Szwedzicki (2007) for UCS
ests, different failure modes are suggested. By considering the
amples after failure, different types of fractures are observed (see
ig. 4):
1) Some fractures are parallel to the isotropic layers which are
further called “layer activation”.
2) Some fractures are roughly parallel to the loading direction and
they are located in the central part of the sample between the
two loading lines. The central part is arbitrarily deﬁned as 10%
of the diameter on both sides of the central line. These fractures
are further called “central fractures”.
3) Fractures outside the central part are also observed. If they do
not correspond to layer activation, they are further called “non-
central fractures”. The latter are often curved lines, starting at
or around the loading platens.
In most cases, two or three different fracture types occur in the
ame experiment (Tavallali et al., 2007; Vervoort et al., 2012). It is
ood to note that in case of  = 90◦ and when a straight fracture
arallel to the layers between both loading platens is induced, this
s classiﬁed as layer activation and not as central fracture. However,
f in that case ( = 90◦) a fracture is situated in the central part but
oes not follow the layer direction, it is classiﬁed as central fracture.
The fracture length within the various rock samples is esti-
ated and used as a tool to distinguish between the different failure
odes. First, the lengths of all fractures in the sample are measured.
econd, the length corresponding to the various fracture types is
onsidered. When a fracture is classiﬁed as layer activation, the
ntire length including the part within the central zone is put into
he total sum of layer activation. In a similar way, if the major part
f a curved shape fracture (e.g. the non-central fracture in Fig. 4)
s outside the central zone, the entire length including the small
ortion in the central zone is put into the total sum of non-central
ractures.
The fracture pattern in most of the samples is similar on both
ides (i.e. front and back; however they are not exactly the same).
t means that the fracture pattern can mostly be considered as two-
imensional. Therefore, all the fracture lengths in these cases are
easured on one side. The fracture pattern in a few samples is
ruely three-dimensional and on both sides of the sample, the frac-
ure pattern is signiﬁcantly different. In such cases, averages of the
racture lengths on both sides are considered.
a
s
t
ig. 5. Variation in average fracture length as a function of the inclination angle ,
or  Modave sandstone sub-types a, b and c.
For all samples corresponding to a single angle value, the aver-
ge fracture length is calculated. For the samples of the three
ub-types, variation of the three types of fractures, as well as the
otal fracture length is plotted as a function of the inclination angle
 in Fig. 5.
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The graph corresponding to sub-type a (Fig. 5a) shows that, for
n inclination angle less than 45◦, most of the fractures are cen-
ral fractures, however, for an inclination angle of 0–70◦, central
racture(s) is the main failure mode. Although, for an inclination
ngle of 0–90◦, there is an increasing trend for layer activation,
nly predominant for 80◦ and 90◦.
The graph corresponding to sub-type b (Fig. 5b) shows that,
or inclination angles smaller than 50◦, the fracture length cor-
esponding to layer activation is negligible. When the inclination
ngle exceeds 50◦, fracture length corresponding to layer activation
ncreases and only for 90◦ becomes predominant. Layer activation
or the inclination angle of 0◦ and 20◦ for sub-type c is negligible.
or larger inclination angles, layer activation increases, but only for
0◦ it becomes the main failure mode in sub-type c.
Fig. 5 also illustrates that the non-central fracture length for the
hree sub-types is small and independent of .
Recently, detailed investigation on fracture-strength correla-
ion for layered sandstone has been done (Tavallali and Vervoort,
010a). They concluded that larger fracture length correlates with
igher strength. They also concluded that strength is smaller for
arger inclination angles and for smaller total fracture lengths.
herefore, it is interesting to correlate Fig. 3 with Fig. 5. The varia-
ion on failure strength values as a function of total fracture length
or all the samples of the three Modave sandstone sub-types is
lotted in Fig. 6. Fig. 6 indicates that the samples showing higher
trength are more fractured (especially for sub-type a).
It can be concluded that, for all sandstone sub-types, as
nclination angle increases from 0◦ to 90◦, the fracture length cor-
esponding to central fracture(s) decreases while layer activation
ncreases. However, the decreasing and the increasing rates of
ractures length for the three sandstone sub-types are different.
onsequently, the transition angle, which indicates the change of
ailure mode from central fracture to layer activation, is not the
ame for all sub-types of studied layered sandstone. It is important
o note that the number of layer boundaries over one centimetre of
he three sub-types is not the same. Up to now, it is understood that
he failure strength and fracture pattern are considerably affected
y the layer orientation. Therefore, by focusing on one inclination
ngle (i.e. 70◦) for the three sub-types, their failure behaviour for
he same layer orientation could be compared to each other in more
etail. For the inclination angle of 70◦, fracture length mainly cor-
esponds to both central fracture and layer activation. It can be
seful to consider also the percentage of central fracture(s) and
ayer activation compared to the total fracture length. The largest
ercentage of either fracture in the form of layer activation or as
entral fracture(s) indicates the predominant failure mode.
For the inclination angle of 70◦, the average failure strength val-
es of sandstone sub-types a, b and c are 7.9 MPa, 14.5 MPa  and
2.8 MPa, respectively. At a macroscopic scale, the blocks look sim-
lar, but there is about 6.6 MPa  difference between the smallest and
argest average values of failure strength. In other words, it can
e concluded that considerable difference exists among the failure
trength values, as the average value of failure strength for sub-type
 (14.5 MPa) is about two  times that for sub-type a (7.9 MPa).
The failure pattern (one side) of all the samples (that are tested
nder an angle of 70◦) is shown in Fig. 7 for the three sandstone
ub-types. Layer activation in three of the four samples of sub-type
 is observed (the third sample from left of Fig. 7a: minor layer
ctivation in the central part). In two of them, layer activation is
he predominant failure mode. On the other hand, central fracture
s the predominant failure mode for all the sandstone samples of
ub-type b and only in one sample layer activation is observed as
he secondary failure mode. The samples from sub-type c show a
ailure by either central fracture(s) only or a combination of central
racture(s) and layer activation. By observing the fracture patterns
o
t
d
sig. 6. Variation in failure strength as a function of total fracture length for all the
amples of the three layered Modave sandstone sub-types.
n Fig. 7, it is understood that the fracture patterns of samples from
he three sub-types of layered sandstone are different.
In Fig. 8, the average percentage of layer activation, central
racture(s) and non-central fracture(s) compared to the total frac-
ure length is given for the three sandstone sub-types. Central
racture(s) is predominant for all three sub-types of Modave sand-
tone. However, layer activation for sub-type a (41%) is more than
wo times that for sub-type b (19%). Minimum layer activation is
bserved in sub-type b. It should be noted that this sub-type shows
he smallest difference in P-wave velocities measured between the
irection perpendicular and parallel to the layers. In other words,
ub-type b has the lowest degree of transverse isotropy.
A. Tavallali, A. Vervoort / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 366–377 371
Fig. 7. Observed failure patterns of samples from different layered Modave sandstone s
parallel lines symbolises average layer direction (bedding). The predominant and seconda
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Tig. 8. Variation in fracture length percentage corresponding to layer activation,
entral fracture(s) and non-central fracture(s) for different sandstone sub-types.
1
t
tub-types in Brazilian tests. Inclination angle of 70◦ for all samples. Set of inclined
ry failure mode are given in parentheses, CF: central fracture, LA: layer activation.
The conducted Brazilian tests illustrate the effect of the layer
rientation on the fracture patterns and failure strength on macro-
cale. However, from the above explanation, it can be concluded
hat samples from different blocks (which are relatively similar, but
ot completely similar) do not behave similarly on macro-scale.
. Shape effect
In this part of the study, the effect of sample shape on the failure
ehaviour of disc-shaped samples after conducting Brazilian tests
s investigated for Modave sandstone. To be sure that the same
aterial is tested, the samples coming from each block are consid-
red separately. So, in one way, with this condition, the amount of
ock material is limited. Therefore, size effect experiments are not
ossible, as for the same length/diameter (or thickness/diameter)
atio a large amount of rock material is needed for large diameters.
herefore, only the shape effect is investigated.It is observed that the number of layer boundaries (e.g. over
 cm)  of the three sandstone sub-types is not the same, and also
heir failure patterns are different. It is essential to know whether
he number of layer boundaries per sample is important or the
372 A. Tavallali, A. Vervoort / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 366–377
Fig. 9. Observed failure patterns (one side) in Brazilian test for samples in different diameters from Modave sandstone sub-types a, b and c (one typical sample for each
d ant fa
d , #LB
d
b
b
t
a
siameter). Inclination angle for all samples is 70◦ . Sample number and the predomin
iameter in mm.  CF: central fracture, NCF: non-central fracture, LA: layer activation
istance between the layers plays the main role in failure
ehaviour. By preparing larger samples, the number of layer
oundaries per samples increases; however, the distance between
hem does not change. For example, the number of layer bound-
ries over 1 cm for sub-type a (5.4) is about two times that for
a
a
t
bilure mode(s) are put under the samples. The ﬁrst part of the numbers is the sample
: number of layer boundaries.
andstone sub-type b (2.6). It means that a sample from sub-type
 with “D” in diameter has the same number of layer boundaries as
 sample from sub-type b with “2D” in diameter. However, the dis-
ance between the layer boundaries in the sample from sub-type
 is two times larger than that for the sample from sub-type a.
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Table  2
Quantity of sandstone samples for shape effect analyses.
Sandstone sub-type Samples quantity
D = 30 mm D = 40 mm D = 50 mm D = 80 mm D = 100 mm D = 115 mm Total
f
(
(
p
s
l
F
sa 4 4 4 
b  4 – 4 
c  4 – 4 
The aim of the following experiments can be summarised by the
ollowing two questions:
1) What is the effect of sample diameter on failure behaviour of
disc-shaped samples from a particular sandstone sub-type?
2) Is there any similarity in failure pattern of samples from differ-
ent sub-types which have (roughly) the same number of layer
boundaries?
t
a
t
m
ig. 10. Shape effect on failure behaviour of disc-shaped samples after conducting Braz
andstone sub-types a, b and c are tested. The inclination angle for all the samples is 70◦ .2 2 – 16
3 – 4 15
– 3 4 15
An effort has been made to answer these questions. For this
urpose, several samples with different diameters from different
ub-types of sandstone should be tested.
The blocks of sandstone sub-types a, b and c are cored in the
aboratory by using drill bits with different diameters from 30 mm
o 115 mm.  The direction of coring is parallel to the layering. For
ll samples a constant thickness of 25 mm is taken. Therefore,
he thickness/diameter ratio varies from 0.2 to 0.9. Variation in
entioned ratio in some studies is executed by changes in the
ilian test. Samples with different diameters but constant thickness (25 mm)  from
3 nics and Geotechnical Engineering 5 (2013) 366–377
t
e
(
w
t
s
l
o
s
t
t
p
s
t
S
t
s
i
t
f
s
m
1
a
c
a
t
c
t
b
l
a
f
F
t
i
e
s
t
s
e
h
t
1
T
e
t
I
s
v
a
i
s
s
f
e
i
f
Fig. 11. Shape effect on failure behaviour of disc-shaped samples after conducting
Brazilian test. Average values are calculated from 2 to 4 samples for each diameter.
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hicknesses, while keeping the diameter as a constant value. How-
ver, for the purposes of this study, changes in diameter are needed
in order to have different numbers of layer boundaries per sample),
hile the samples thickness is kept constant.
Some important notes should be considered. In Brazilian tests,
he minor and major principal stresses are tensile and compres-
ive, respectively. The intermediate principal stress depends on
ength/diameter ratio. Lower length/diameter ratio makes the state
f the rock sample (disc) closer to plane stress rather than plane
train (Lavrov et al., 2002). The intermediate principal stress for
he low length/diameter ratio can be assumed zero; while, it is not
he case when this ratio is larger.
From the three mentioned sandstone sub-types, 46 samples are
repared for conducting Brazilian tests in order to investigate the
hape effect and also to ﬁnd the answer to the two mentioned ques-
ions. All the samples are tested under an inclination angle of 70◦.
ample quantities with different diameters from sandstone sub-
ypes a, b and c are presented in Table 2. It should be noted that all
amples with 50 mm are already tested, presented and described
n Section 3. These samples are integrated in this part of the study.
The failure pattern (one side) of the samples after failure from
he three sandstone sub-types is shown in Fig. 9 (one typical sample
or each diameter). Apart from the predominant failure mode in
ome samples, such as in sandstone sub-type a, some secondary
odes are also observed (see Fig. 9). Although in samples 80-2 and
15-3 of sandstone sub-types b some parts of layer activation are
lso observed, the predominant failure mode in these samples is
entral fracture. In these samples, layer activation is not considered
s a secondary failure mode, because fracture length corresponding
o layer activation is very small in comparison to fracture length
orresponding to central fracture.
After conducting the tests the fracture analysis is done for all
he samples. To observe the effect of sample diameter on failure
ehaviour of disc-shaped samples, relative layer activation fracture
ength and also the failure strength are considered.
Fig. 10 presents the variation in the mentioned two factors (rel-
tive layer activation fracture length and failure strength) as a
unction of sample diameter for sandstone sub-types a, b and c.
or sandstone sub-types b and c, a clear difference in layer activa-
ion and also in failure strength of samples with different diameters
s not distinguished (see Fig. 10).
Variation in failure strength values as a function of sample diam-
ter for sandstone sub-type a is also not signiﬁcant, especially when
ample diameter varies between 50 mm and 100 mm.  The condi-
ion for relative layer activation fracture length of samples from
andstone sub-type a is slightly different. The samples with diam-
ter of 30 mm,  40 mm and 50 mm have similar layer activation;
owever, for larger diameter (80 mm and 100 mm),  layer activa-
ion is slightly increased. For each of the diameters 80 mm and
00 mm from sandstone sub-type a, two samples are tested (see
able 2). Relative layer activation fracture length of one sample in
ach of these two diameters is in the range of layer activation of
he other samples with diameters of 30 mm,  40 mm and 50 mm.
n other words, only one sample with diameter of 80 mm and one
ample with diameter of 100 mm show higher relative layer acti-
ation fracture length. Therefore, it is difﬁcult to judge the layer
ctivation trend in sandstone sub-type a as sample diameter is
ncreased. From the above explanation it can be concluded that the
hape effect is limited in the tested diameter range for the studied
andstone sub-types.
Mean values of relative layer activation fracture length and of
ailure strength are calculated from 2 to 4 samples for each diam-
ter in sandstone sub-types a, b and c. Fig. 11 shows the variation
n mean values of relative layer activation fracture length and also
ailure strength as a function of sample diameter for sandstone
l
t
t
eamples with different diameters but constant thickness (25 mm)  from the three
andstone sub-types are tested. The inclination angle for all the samples is 70◦ .
ub-types a, b and c. As stated earlier, Fig. 11 shows that the shape
ffect on failure behaviour of disc-shaped samples is limited,
articularly on failure strength in the tested diameter range.
Thuro et al. (2001) studied the shape effect of limestone samples
y conducting Brazilian tests. For Brazilian tests in their study, the
iameter of 70 mm is taken and length/diameter ratio varies from
.5 to 2. It can be concluded that the stress state of samples in their
tudy varies from plane stress to plane strain condition by increas-
ng the length/diameter ratio. Consequently, the tensile strengths
f all mentioned samples are not comparable to each other, as they
re not in the same stress state condition.
However, in the results by Thuro et al. (2001), if one compares
he samples with low length/diameter ratio (plane stress condition)
ith each other, a signiﬁcant shape effect cannot be observed. This
s also the case for the high length/diameter ratio (plane strain con-
ition). Therefore, from above discussion it can be concluded that
hape effect in Brazilian tests for the rock samples with the same
egree of homogeneity is not dominant.
In general, it can be stated that dominant scale effect in Brazil-
an tests for the rock samples with a limited size variation is not
bserved, because they have the same degree of homogeneity.
owever, for rock samples with a large size variation, the degree of
eterogeneity is different and consequently scale effect is observed.
By observing the results shown in Fig. 11, another interesting
onclusion is observed. Failure strength is inversely correlated with
elative layer activation fracture length for the tested diameter
ange. Samples of sandstone sub-type a have the highest relative
ayer activation fracture length and the lowest failure strength in
he tested diameter range. Samples of sandstone sub-type b have
he lowest relative layer activation fracture length and the high-
st failure strength. The inverse correlation of failure strength and
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Table  3
Number of layer boundaries per sample in the tested diameter range for the three sandstone sub-types.
Sandstone sub-type #LB/cm Number of layer boundaries per sample
D = 30 mm D = 40 mm D = 50 mm D = 80 mm D = 100 mm D = 115 mm
a 5.4 15.7 21.1 27.0 43.2 54.0 –
b  2.6 7.5 – 13.0 20.8 – 29.6
c  1.4 4.1 – 7.0 – 14.0 16.0
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Fig. 13. Variation in relative layer activation fracture length as a function of number
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Sig. 12. Correlation of average failure strength and average relative layer activation
racture length for the three sandstone sub-types.
elative layer activation fracture length for the tested samples is
learly presented by Fig. 12. This ﬁgure shows that higher strength
orresponds to the samples with lower layer activation fracture
ength.
As can be seen in Fig. 11, although the number of total layer
oundaries is larger in samples of sandstone sub-types b and c
y increasing the samples diameter, their relative layer activation
racture length does not change considerably. It means that the
ailure patterns of samples from different sub-types of sandstone
hich have (roughly) the same number of layer boundaries per
ample are not similar. Mentioned conclusion is veriﬁed by com-
aring the failure patterns of samples with similar number of layer
oundaries.
By knowing the number of layer boundaries per centimetre for
ach sub-type of sandstone, the number of layer boundaries in
ach sample with different diameters is calculated. Table 3 presents
he number of layer boundaries per sample in the tested diameter
ange for the three sandstone sub-types. From Table 3 the samples
ith similar numbers of layer boundaries per sample are grouped.
or example, the numbers of layer boundaries in the samples with
 cm diameter from sandstone sub-type a is 15.7, close to the num-
ers of layer boundaries in the samples with 11.5 cm diameter from
andstone sub-type c (16.0). The samples with 8 cm diameter from
o
i
l
b
able 4
andstone samples with (roughly) the same number of layer boundaries per sample.
Item Sandstone sub-type D (mm)  #LB/sample 
1 c 50 7.0 
2  b 50 13.0 
3  a 30 15.7 
4  b 80 20.8 
5  a 50 27.0 f  layer boundaries per sample. Items 1 to 5 show the samples with (roughly) the
ame number of layer boundaries (see Table 4).
andstone sub-type b and the samples with 4 cm diameter from
andstone sub-type a are the other example (see Table 3 and also
tem 4 in Table 4). Five pairs with relatively similar numbers of layer
oundaries can be found in Table 3. These ﬁve pairs are presented
n Table 4 as items 1–5 with their sandstone sub-types, diameters
nd individual numbers of layer boundaries (#LB/sample).
Variation in relative layer activation fracture length for samples
ith (roughly) the same number of layer boundaries (items 1–5
n Table 4) is presented in Fig. 13. Fig. 13a shows that the effect
f the number of layer boundaries on layer activation cannot be
bserved. Furthermore, this ﬁgure shows that by increasing the
umber of layer boundaries per sample (by increasing the sample
iameter), any positive trend of relative layer activation fracture
ength does not exist. Fig. 13b presents the variation in average
elative layer activation fracture length as a function of number
f layer boundaries per sample in every item. In this ﬁgure, only
tem 2 shows the same average relative layer activation fracture
ength for the samples with roughly the same number of layer
oundaries and for the other four items no correlation can be
D (mm) Sandstone sub-type Item
7.5 30 b 1
14.0 100 c 2
16.0 115 c 3
21.1 40 a 4
29.6 115 b 5
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tig. 14. Variation in relative layer activation fracture length as a function of number
f  layer boundaries per sample for Modave sandstone sub-types a and b.
bserved. Comparison of Fig. 13b with Fig. 13a leads to the same
onclusion, i.e. increasing the number of layer boundaries by
nlarging the samples does not affect the layer activation. Of
ourse parameters like mineral composition are not signiﬁcantly
ifferent for all samples of a sub-type. Hence, it is concluded that
hese parameters mainly affect the failure process.
Observed weak mineral percentages in sandstone sub-types a,
 and c are 23.5%, 7.9% and 12.4%, respectively. Fig. 13 shows that
ost of the samples from sandstone sub-type a are in the highest
ange of layer activation while most of the samples from sub-type
 are in the lowest range. This observation is compatible with their
eak mineral percentage. Among mentioned Modave sandstone
ub-types, sub-type a has the largest amount of weak minerals
23.5%) and sub-type b has the lowest (7.9%). Therefore, it is logi-
al to conclude that layer activation depends ﬁrst on weak mineral
ercentage and, hence, on the number of layer boundaries per cen-
imetre.
It is interesting to redraw the graphs of Fig. 13 with only the
amples of sandstone sub-types a and b (see Fig. 14), as in these
ub-types layer boundaries are the only planes of weakness. In
andstone sub-type c apart from the layer boundaries, ripples exist
s the secondary plane of weakness. Fig. 14a shows the variation
n relative layer activation fracture length as a function of num-
er of layer boundaries per samples for sandstone sub-types a and
. As expected, Fig. 14a shows that similarity in number of layer
oundaries of samples with different diameters does not affect the
elative layer activation. Fig. 14b presents the variation in average
elative layer activation fracture length for samples of sandstone
l
d
w
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ub-types a and b. In Fig. 14b, both sub-types present relatively
dentical rate of relative layer activation as a function of number of
ayer boundaries per sample.
. Discussions and conclusions
The experimental study on the sandstones from Modave in
he South of Belgium, which is a layered rock, shows that the
ailure stress and fracture pattern are considerably affected by
he layer orientation. However, measurements of P-wave veloc-
ty show small differences in wave velocity parallel (4.5–5.0 km/s)
nd perpendicular to the layers (4.4–4.6 km/s).
The results show that larger fracture length correlates with
igher strength. Also the samples with low inclination angles which
re more fractured have the higher values of strength.
The inﬂuence of layer orientation is investigated by three sub-
ypes of the layered sandstone of Modave. The samples are taken
rom three blocks in the same quarry, collected at close distance
1–10 m).  The global behaviour is similar; however, they do not
ehave exactly the same. For all sandstone sub-types, as inclination
ngle increases from 0◦ to 90◦, the fracture length corresponding to
entral fracture(s) decreases while layer activation increases. How-
ver, the decreasing and the increasing rates of fractures length for
he three studied sub-types are different.
Brazilian test results for one inclination angle (i.e. 70◦) for a few
amples from these three sub-types are noted. The average value
f the failure strength for the three sub-types varies from 7.9 MPa
o 14.5 MPa. Although at a macroscopic scale the blocks look sim-
lar, there is about 6.6 MPa  difference between the smallest and
argest average values of the failure strength. Central fracture(s) is
redominant for all three sub-types of Modave sandstone; how-
ver, layer activation is observed as the secondary failure mode in
ub-type a. The percentage of layer activation for sub-type a (41%)
s more than two  times that for sub-type b (19%). From the above
xplanation it can be concluded that different failure behaviour of
wo blocks of layered sandstone from the same quarry is observed.
In this study, sandstone sub-type b has the highest average
uartz size (107 m)  and sub-type a the lowest average (69 m). It
s interesting to note that the average value of the failure strength
nd the total fracture length are the highest for sub-type b of
odave sandstone, while these two parameters are the lowest for
andstone sub-type a. The latter has the lowest average grain size
Tavallali, 2010; Tavallali and Vervoort, 2010b).
The shape effect in the tested diameter range (from 30 mm to
15 mm)  with a constant thickness of 25 mm is limited and the
ailure behaviour of samples is not inﬂuenced by their diameter.
lso no obvious similarity of failure behaviour of sandstone sam-
les from different sub-types which have the same number of layer
oundaries per sample is observed. It means that increasing the
umber of layer boundaries per sample by enlarging the samples
oes not inﬂuence failure process. By enlarging the samples (in
iameter range of 30–115 mm),  weak mineral percentage does not
hange and this is probably the main reason of having relatively
he same layer activation in each sandstone sub-type. Above expla-
ation can be summarised as follows: layer activation depends on
eak mineral percentage and the number of layer boundaries plays
nly a role in the case of identical diameter. Or, in other words, the
umber of layer boundaries per centimetre is more important than
he number per sample.
It is also observed that the failure strength is inversely corre-
ated with relative layer activation fracture length for the tested
iameter range. Samples of sandstone sub-type a with the highest
eak minerals percentage (23.5%) have the highest relative layer
ctivation fracture length and the lowest failure strength in the
nics an
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ested diameter range. Samples of sandstone sub-type b with the
owest weak minerals percentage (7.9%) have the lowest relative
ayer activation fracture length and the highest failure strength.
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